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Located at the discontinuity in atomic volume between light and heavy actinides, ele-
mental plutonium (Pu) has an unusually rich phase diagram that includes seven distinct
solid state phases and an unusually large 25% collapse in volume from its δ phase to its
low temperature α phase via a series of structural transitions.1–3 Despite considerable
advances in our understanding of strong electronic correlations within various structural
phases of Pu and other actinides,4–13 the thermodynamic mechanism responsible for driv-
ing the volume collapse has continued to remain a mystery.14–16 Here we utilize the unique
sensitivity of magnetostriction18 measurements to unstable f electron shells19 to uncover
the crucial role played by electronic entropy in stabilizing δ-Pu against volume collapse.
We find that in contrast to valence fluctuating rare earths, which typically have a single f
electron shell instability whose excitations drive the volume in a single direction in temper-
ature and magnetic field,19–21 δ-Pu exhibits two such instabilities whose excitations drive
the volume in opposite directions while producing an abundance of entropy at elevated
temperatures. The two instabilities imply a near degeneracy between several different
configurations of the 5f atomic shell,22–26 giving rise to a considerably richer behavior
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than found in rare earth metals. We use heat capacity measurements to establish a robust
thermodynamic connection between the two excitation energies, the atomic volume, and
the previously reported excess entropy of δ-Pu at elevated temperatures.14–16
We are able to access the twin excitation energies in plutonium (labelled E∗1 and E
∗
2 in
Fig. 1a) by way of magnetostriction measurements owing to Ga substitution (in a similar man-
ner to Am substitution in Fig. 1b) affording the stabilization of the δ phase over a broad span
in temperatures and over a range of different volumes.27, 28 In pure Pu, by contrast, δ-Pu is sta-
ble only over a narrow range of high temperatures – collapsing into significantly lower volume
structures upon reducing the temperature (see Figs. 1b and c). We perform magnetostriction
measurements on δ-plutonium (see Figs. 2a and b) using of an optical fiber Bragg grating tech-
nique,29 which we have adapted for use on encapsulated radiologically toxic materials (see
Methods). The utility of magnetostriction is that, owing to the direct coupling of a magnetic
field to magnetic moments, its measurement provides a powerful method for isolating the elec-
tronic contribution to the lattice thermodynamics.18 While this contribution is vanishingly small
in conventional non-magnetic metals, it has been shown to become anomalously large in the
vicinity of an f -electron shell instability.19, 30–33 Furthermore, while changes in the phonon con-
tribution in a magnetic field do generally occur, they occur only in response to a change in the
volume that is driven electronically, causing such changes to be a weaker higher order effect.
Figures 2a and b show measurements of the longitudinal magnetostriction (dilation and
contraction along the direction of the magnetic field) of Ga-stabilized polycrystalline pluto-
nium samples of composition δ-Pu1−xGax with x = 2% and 7%. We find that the magnitude
of the electronically-driven quadratic-in-magnetic field coefficient of the magnetostriction of
δ-Pu (see Fig. 2c) falls within the range of values observed in fluctuating valence and Kondo
lattice systems.32, 33 However, rather than exhibiting a steep upturn at low temperatures,19, 30 as
expected for a dominant role played by virtual (or zero point) fluctuations between two or more
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Figure 1: Schematic energies, phases and volumes of Pu. a, Excitation energies for δ-
Pu1−xGax for x = 2% and 7% according to a fit to magnetostriction and thermal expan-
sion measurements (circles), with the lines indicating interpolations assumed during
fitting (see Methods). The lower horizontal axis shows the approximate atomic volume
of the ground state (T = 0). Shaded regions indicate the relative volume changes ac-
companying the excitations. The open square corresponds to the resonance energy
observed in neutron scattering measurements,35 while error bars indicate its approx-
imate width. b, Conceptual connected binary phase diagram of the light actinides,
recreated from Refs.,2,3 with shaded different colored regions representing different
types of crystalline structure. The α, β, γ, δ, δ′ and  phases of Pu are also indicated.
c, Ground state volume of actinides, as indicated, showing a precipitous drop between
(thermally excited or substitutionally-stabilized) δ-Pu and α-Pu.
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valence configurations,5, 8, 34, 35 the magnetostriction of δ-Pu is observed to vanish at low tem-
peratures. Its behavior closely resembles that of a scenario in which the f -electrons condense
into a non-magnetic atomic shell configuration,33, 36 revealing the electronic excitations to states
with different magnetic configurations to be of a predominantly thermally activated nature.
When excitations to different electronic configurations occur in f -electron systems (e.g.
E0 and E1 in Figs. 3a and b), the excited configuration usually has a different number of f -
electrons confined to the atomic core, causing it to have a different equilibrium atomic vol-
ume (V1) and magnetic moment (see Methods).19, 21 The initial positive increase of the mag-
netostriction with temperature indicates that the dominant thermal excitations occur between a
non-magnetic configuration and a different configuration with both a larger equilibrium atomic
size and a larger magnetic moment, as is the case in the majority of f -electron systems (see
e.g. the illustrated case of Ce in Fig. 3a).19, 30, 32, 33 However, rather than continuing the same
positive sign indefinitely, the sign of the quadratic coefficient of the magnetostriction turns
negative beyond ≈ 200 K (see Fig. 2c). A negative sign indicates the onset of thermal excita-
tions into a higher energy electronic configuration with a larger magnetic moment, but whose
equilibrium atomic size (V2) is now significantly smaller than that of the other configurations
– as frequently encountered in intermediate valence compounds of Yb (see Fig. 3b).19, 30, 32, 33
The highly non-monotonic temperature-dependence of the magnetostriction in δ-Pu is indica-
tive of at least three different f -electron configurations (E0, E1 and E2) being relevant (shown
schematically in Fig. 3c).
Our magnetostriction measurements of δ-Pu are corroborated by thermal expansion mea-
surements,37 which, while lacking information on magnetic moments of the f -electrons, convey
more direct information concerning the change in atomic volume between different configura-
tions. The low temperature thermal expansion measurements (see Supplementary Figs. 5a and
b) show the electronic contribution to the thermal expansion from itinerant carriers to be over-
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Figure 2: Magnetostriction and thermal expansion of Ga-stabilized δ-Pu (δ-Pu1−xGax).
a Longitudinal magnetostriction (grey) of x = 2% versus B2 at several different tem-
peratures together with quadratic fits (blue lines). b Longitudinal magnetostriction of
x = 7% versus B2 at several different temperatures together with quadratic fits (red
lines). c Longitudinal magnetostriction coefficient versus temperature for x = 2% and
x = 7%. Open squares are the magnetovolume coefficient associated with each of the
allotropic phase transitions in pure Pu. d Lattice parameter a versus T of x = 0%, 2%,
4% and 6% (symbols) from Ref.37 together with fits (lines) e The thermal expansion,
obtained by applying α = aT=0(∂a/∂T ) to the fitted lines in d. The phonon contribution
calculated for a Debye temperature of θD = 100 K14 is shown for comparison (ma-
genta). The global fit to the data in c and d are discussed in the Methods. Dashed lines
indicate extrapolations.
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Figure 3: Schematic volume-dependent energies of different electronic configurations.
a, Schematic volume-dependent energies for two configurations of Ce and its com-
pounds, in which E0 has nf = 0 4f -electrons confined to the atomic core and E1 has
nf = 1 4f -electron confined to the core. The volume-dependent configurational excita-
tion energy E∗1 is also indicated. b, A similar schematic for Yb. c, A possible scheme
for δ-Pu that is consistent with x-dependent fits to magnetostriction and thermal ex-
pansion, consisting of three volume-dependent configurational energies E0, E1 and E2
and two excitation energies E∗1 and E∗2 (see Methods). In this case, the number of
5f -electrons confined to the atomic core is unknown.
whelmed by phonons at temperatures above ∼ 10 K, as has also been suggested on the basis
of heat capacity measurements.14 A low temperature thermal expansion dominated by phonons
is further validated by the published temperature-dependent lattice constant data37 (replotted in
Fig. 2d). Not until T & 50 K does a notable departure from the phonon contribution (magenta
curve) become apparent, which is shown more clearly in the thermal expansivity (shown in
Fig. 2e) obtained from a temperature derivative (shown in Fig. 2e) of a smooth curve fit to the
lattice constant data. The non-phonon contribution to the thermal expansion therefore mirrors
the form of the magnetostriction, revealing excitations between electronic configurations to be
an equally impactful in both thermodynamic quantities.
We establish validity of the multiconfigurational picture by showing that the magnetostric-
tion and thermal expansion in Ga-stabilized δ-Pu are fully consistent with a model for the sta-
tistical thermodynamics of a multiple level system,19, 21 and by showing that the model then
accurately predicts the temperature and volume-dependence of heat capacity data. When two or
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more different electronic configurations with different energies coexist at a given value of the
atomic volume V (shown schematically in Fig. 3), their relative occupations can be described
by a partition function Zel (see Methods), which produces an electronic contribution to the free
energy of the form Fel = −kBTN lnZel. Thermodynamic quantities, such as the quadratic-in-
field magnetostriction coefficient sν , thermal expansion αν and heat capacity Cv, are then given
by second derivatives (sν = −κ0B ∂
2F
∂ν∂B
, αν = −κ0 ∂2F∂ν∂T and Cp ≈ Cv = −T ∂
2F
∂T 2
) of the total
free energy F = Fel + Fph, where Fph is the contribution from phonons (see Methods).37, 38
To demonstrate validity of the multiconfigurational state we first perform a simultaneous fit of
F (T,B, x) to two measured thermodynamic quantities, namely the magnetostriction and ther-
mal expansion (lines in Figs. 2c and d), using a single set of parameters. We then show that
the same form for F (T,B, x) successfully predicts a third thermodynamic quantity, namely
the heat capacity (see Fig. 4a). On computing the heat capacity in Fig. 4a using the form
of the free energy extracted from magnetostriction and thermal expansion measurements, we
find multicofigurational excitations to add ∼ 5 Jmol−1K−1 to the heat capacity at T & 100 K,
bringing it into close agreement with the published experimental curve.14 Multiconfigurational
electronic excitations therefore produce the largest contribution to the heat capacity and entropy
after phonons (see Figs. 4a and b), with the characteristic energyE∗1 dominating at temperatures
between ≈ 100 and 300 K and E∗2 coming in at higher temperatures (see Fig. 3c). Importantly,
the entropy associated with the electronic excitations (see Fig. 4b) is more than sufficient to
account for the ≈ 0.8 ×R ln 2 excess entropy previously identified as favoring the stabilization
of δ-Pu over α-Pu at high temperatures (where R = kBNA and NA is Avogadro’s number).15, 16
A particularly striking finding is that the excitation energies E∗1 and E
∗
2 change rapidly as a
function of the Ga content x (plotted in Fig. 1a), and in opposite directions. One predicted con-
sequence of their rapid change with x is that the heat capacity is expected to become strongly
dependent on the Ga composition (see Fig. 4c), thus providing a means for the extreme depen-
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Figure 4: Heat capacity and Entropy of Ga-stabilized δ-Pu (δ-Pu1−xXx), whereX = Ga or
Al. a Calculated heat capacity of x = 5% (green line) compared against experimental
data (for X = Al and x = 5% (circles).14 The separated calculated phonon (cyan) and
electronic (grey) contributions are also shown. We neglect possible differences that
may exist between X = Al and Ga. b A comparison of the calculated and measured
entropy of the same composition, where S =
∫ T
0
(C/T †)dT †. c The calculated heat
capacity for different values of x, as indicated. d The calculated difference in heat
capacity between x = 7% and x = 2% (line), compared against the experimentally
measured difference (circles).
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dences of E∗1 and E
∗
2 on x to be robustly verified by experiment. To confirm that the extreme
sensitivity of E∗1 and E
∗
2 to x and V is a genuine effect, we calculate the heat capacity as a
function of T at different values of x (see Fig. 4c) and compare it against an independent set
of x-dependent heat capacity measurements (raw data in Supplementary Fig. 6). On taking the
difference between calculated heat capacity for x = 2% and 7% (in Fig. 4c), we find that it
indeed accurately predicts the difference in heat capacity observed experimentally (shown in
Fig. 4d), including both the absolute magnitude of the difference and the existence of a sign
change in the difference at ≈ 130 K. Since the primary effect of Ga substitution is to reduce the
volume V of δ-Pu (the ground state atomic volume of δ-Pu1−xGax being shown on the lower
horizontal axis of Fig. 1a),27 we attribute the opposite variations of E∗1 and E
∗
2 with x to their
sensitivity to volume, illustrated in Fig. 3c.
We have therefore uncovered two previously hidden electronic energy scales giving rise to
significant entropy in excess of the Dulong-Petit value39 of ≈ 25 Jmol−1K−1 at temperatures
above the Debye temperature in plutonium. The strong variations ofE∗1 andE
∗
2 with x shed light
on the long unresolved questions2 of why the volume collapse occurs and why it is inhibited
by Ga substitution.27 A likely energetic motivation for the volume collapse at low temperatures
is provided by the steep decline in E∗2 with decreasing volume (see Fig. 1a), which suggests
an equilibrium volume (V2) for E2, similar to that found by density functional theory,12 that is
lower in energy than that ofE0 in Fig. 3c. In practice, the volume collapse (which takes place via
a series of steps in pure Pu)2, 28 is accompanied by additional translational symmetry breaking
into the α phase (or α′ phase in the alloys), which give rise to an energy barrier between the
different volume phases.16 In pure δ-Pu, E∗2 is too high (≈ 1700 K according to an extrapolation
to x = 0% in Fig. 1a) to supply sufficient entropy to δ-Pu for it to remain stable over an
extended range of temperatures, resulting in its ultimate collapse into the α phase. Conversely,
in heavily substituted δ-Pu1−xGax, E∗1 and E
∗
2 are both sufficiently low to afford the δ phase in
9
the alloy a significantly elevated entropy relative to that in pure plutonium, as evidenced by the
higher electronic heat capacity above ≈ 130 K of heavily Ga-stabilized δ plutonium relative to
its Ga-reduced counterpart. This additional entropy thus provides δ-Pu1−xGax with additional
protection against collapsing into the α phase.16, 27, 28
The strong interplay between the excitation energies and V is further demonstrated by the
similarity in behavior of the magnetostriction to the transitional magnetovolume coefficient as-
sociated with each of the crystallographic phase transitions in plutonium.40 We estimate the
transitional magnetovolume coefficient, smv‖ ≈ µ0κ06 ∆χ/∆ν (open squares in Fig. 2c), of pure
Pu from the ratio of the previously measured jump ∆χ in the susceptibility to the jump ∆ν in
volume dilation (plotted in Supplementary Fig. 7) at each of the phase transitions. We find the
magnetovolume and magnetostriction coefficients to be of similar magnitude and to exhibit sim-
ilar positive-to-negative trends with increasing temperature, implying that E∗1 and E
∗
2 respond
similarly to reductions in V caused by phase transitions as they do to reductions in V caused by
Ga substitution.
Our findings shed new light on the electronic structure of plutonium and its relation to other
actinides and to rare earths. While energy scales of comparable magnitude to the larger ex-
citation energy (E∗2 in Fig. 1a) have been inferred from neutron scattering experiments (for
x = 3.5%35 plotted in Fig. 1a) and from fits made solely to the thermal expansion,37 their ori-
gin have remained controversial35, 41 while their volume-dependences have remained unknown.
Electronic structure calculations have shown that Pu is able to exist in a larger number of near
degenerate configurations than most other f -electron systems,22, 24, 26, 42, 43 with each having a
different number of 5f -electrons confined or localized within the atomic core and different
values of the equilibrium atomic volume, thereby providing a likely origin for E0, E1 and E2
(shown schematically in Fig. 3c). One implication of the demonstrated validity of a multiconfig-
urational partition function in Pu is that virtual valence fluctuations5, 8, 34 appear to be relatively
10
unimportant for understanding the statistical thermodynamics of plutonium (see Methods). On
incorporating the valence fluctuation temperature Tfl phenomenologically into F (T,B, x),19, 21
we find that Tfl . 50 K (see Methods), which is more than an order of magnitude smaller
than the effective Kondo temperature of TK ∼ 103 K suggested by contemporary electronic
structure methods.5, 8, 34 A smaller energy scale can be more easily reconciled with the con-
ventional linear-in-T Sommerfeld contribution that persists to only ∼ 20 K in heat capacity
experiments,14 which justifies our being able to neglect its contribution to the entropy, and also
places Pu’s largest volume phase, δ-Pu, in a thermodynamically equivalent regime to the largest
volume phase of cerium, γ-Ce.20 In the valence fluctuating rare earth systems,20, 44 electronic
entropy has similarly been reported as the crucial factor determining the stabilization of their
high temperature phases.45–47 The essential difference in Pu is that the twin instabilities, E∗1 and
E∗2 , provide much more entropy to the system, enabling it to undergo larger volume changes
and more numerous structural transitions.
11
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5 Methods
5.1 Magnetostriction measurements
Variations ∆l‖ in the sample length l‖ along the direction of the magnetic field are measured
either upon sweeping the temperature at zero magnetic field or on sweeping the magnetic field
up to 15 T and back to zero at fixed temperature, for both polarities of the magnetic field. The
measurements are made using the fiber Bragg grating method,29 in which we record the spectral
information on the light reflected by 1 and 2 mm long Bragg gratings inscribed in the core of a
125 µm telecom-type optical fiber. A flat face of a sample is attached to a single grating on its
own fiber using cyanoacrylate glue. One or two ‘empty’ gratings on the same fiber provide a
means for compensating for the temperature-dependence of the diffraction index of the fiber in
the absence of a sample.
Multiple fibers are fed through stainless steel capillary tubes into a brass can that forms the
body of the sample primary encapsulation. Using this method, multiple samples can be co-
encapsulated, while a steel hepa filter enables 4He gas or liquid to circulate. The fibers holding
the samples are anchored to a metallic block for thermalization, made of non-magnetic stainless
steel in the case of samples 1 and 2 and copper in the case of samples 3 and 4. Thermometers
are also anchored to the metallic block inside the can. The brass can is then mounted on the
end of a probe inside a secondary containment containing either vacuum or 4He, which can be
pumped through a high through-put hepa filter situated on the pumping line. The secondary
containment, which has its own thermometer, is then placed inside a variable temperature insert
(VTI) that itself goes inside the bore of a 15 T superconducting magnet.
The temperature is controlled via the VTI by using a heater and also, when necessary, using
a secondary heater on the secondary containment. Using this arrangement, the temperature
can be stabilized to ≈ 50 mK, with a small thermal drift occurring over timescales of order
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several hours. To eliminate the effect of thermal drift during magnetostriction measurements, up
and down sweeps of the magnetic field are averaged and the temperature adjusted accordingly.
Negative and positive sweeps of the magnetic fields are also compared to ensure reproducibility
of the result.
Figure 8 shows the quadratic magnetostriction coefficient as a function of T on four differ-
ent samples. A lower signal-to-noise ratio is observed in the case of samples 1 and 2, which we
therefore use for performing fits. Samples 3 and 4 are found to have magnetostriction coeffi-
cients that are consistent with the fits to samples 1 and 2. Error bars are estimated after repeating
the magnetostriction measurements at the same temperature, often with a different polarity of
the magnetic field.
5.2 Sample preparation details for magnetostriction measurements
Several polycrystalline samples of δ-Pu1−xGax with x = 2% and 7% were prepared in the form
of plates of a few millimeters with masses ranging between 16 and 40 mg, and are annealed
prior to mounting for magnetostriction measurements. The 2% δ-Pu gallium-stabilized samples
are homogenized at 450 ◦C while the 7% δ-Pu gallium-stabilized samples are homogenized at
525 ◦C. Samples 1 and 2, measured in the main text, have Ga compositions of 2% and 7% with
masses of 16.2 mg and 30.7 mg, respectively and dimensions on the order of ∼ 1 mm × 4 mm
with a thickness of 150 µm. The samples were lightly polished prior to gluing onto the fibers in
order to remove any surface oxidation. The glue also has the effect of protecting the measured
flat surfaces of the samples against oxidation during their loading into the VTI.
For the x = 2% sample, the sample length is observed to drift slowly in time when the
temperature is set close to ≈ 150 K as a consequence of the partial and gradual transformation
of δ-Pu into the α′ phase of plutonium. Here, the α′ phase in Ga substituted Pu has the same
structure as the α phase in pure Pu. The total change experienced during the course of the
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stabilization at ≈ 150 K is ∆l/l ≈ − 0.15 %, which, given the smaller atomic volume of α-
Pu, corresponds to 2.3% of the sample (by volume) transforming. No similar transformation is
observed on measuring the x = 7% sample.
5.3 Thermodynamics
The coefficients of thermal expansion and volume magnetostriction are given by31
∂ν
∂T
= αν = −K−10
∂2F
∂ν∂T
and sνB = λν = −K−10
∂2F
∂ν∂B
, (1)
respectively, where F is the free energy, T is temperature, B is the magnetic field, K0 is the
bulk modulus and ν = (∆V/V0) is the volume expansion (or contraction). In the absence of
broken time reversal symmetry (e.g. a ferromagnetic and some types of non-collinear antiferro-
magnetic ground state),51 λν(B) is linear in magnetic field, in which case the volume increases
quadratically with field with the coefficient sν = λν/B.
We assume the free energy to be the sum F = Fel + Fph of electronic and phonon contribu-
tions. The phonon contribution is given by37, 38
Fph = NkBT
[
8
9
ΘD(1 + ν)
−γ
T
+ 3 ln
[
1− e−ΘD(1+ν)
−γ
T
]
−D
(
ΘD(1 + ν)
−γ
T
)]
(2)
where N is the atomic density (inverse of the unit cell volume) and D(x) is the Debye function
and we have used ΘD = 100 K,14 while γ ≈ 0.5.48
For systems with multiple electronic configurations that have the potential to coexist,49 we
assume that each configuration i has its own unique energy Ei(ν) that depends on ν in the
manner illustrated in Fig. 3, and as predicted to be the case in plutonium.22, 26 The multiconfig-
urational partition function can then be written in the form
Zel =
∑
i=0,1,2
∑
σ=± 1
2
e
− kBEi(ν)+2σµ
∗
i B
kBT
′ (3)
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where σ refers to spin 1
2
pseudospins with g = 2. Note that the summation is made over
configurations that have different functional forms for Ei(ν), but are always at the same volume
V . Vi refers to the ‘equilibrium volume’ at which a given configuration would be located, were
it to have the lowest energy at T = 0. The multiconfigurational electronic contribution to the
free energy is given by
Fel = −NkBT ′ lnZel. (4)
The multiple configurations consist of states in which different numbers nf of f -electrons
are confined to the atomic core, or different crystal electric field levels in which the same number
of f -electrons are confined to the atomic core.19, 21 However, the latter are typically more closely
spaced in energy and volume. To minimize the number of fitting parameters, we assume an
effective moment µ∗i , which refers either to that of the lowest crystal electric field level or an
average over two or more occupied levels for a given value of nf . The Van Vleck contribution
can also add to µ∗i , as this is known to vary as a function of nf .
It has been shown that virtual valence fluctuations can be phenomenologically modeled19, 21
by introducing an effective valence fluctuation temperature Tfl, such that T ′ = (Tm + Tmfl )
1
m
where m = 1 or 2 in Equations (3) and (4). In typical rare earth intermediate valence systems,
there are only two relevant configurations states that need to be taken into consideration (e.g.
Figs.3a and b). However, fits to the plutonium magnetostriction and lattice parameter data (be-
low) find that a best fit is obtained for Tfl = 0 K, rendering the inclusion of valence fluctuations
somewhat unnecessary (see Table 1). The largest value of Tfl compatible with experimental data
is ≈ 50 K (see below), and only for m = 2.
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5.4 Numerical simulations and fitting procedure
To facilitate fitting to experimental data,19, 21 we first differentiate F with respect to the ν to
obtain
ν(T,B) ≈
∫ T
0
αν(T
′, B)dT ′ = −K−10
∂F
∂ν
∣∣∣∣
p
, (5)
where, here, K0 refers the bulk modulus of the ground state configuration. For the phonon
contribution, we proceed to calculate its contribution (ν) numerically. For the electronic contri-
bution, by contrast, differentiation yields the conveniently trivial result
νel(T,B) ≈ 1
Zel
∗
∑
i=0,1,2
∑
σ=± 1
2
ν∗i e
− kBE
∗
i +2σµ
∗
i B
kBT
′ , (6)
where
Zel
∗ =
∑
i=0,1,2
∑
σ=± 1
2
e
− kBE
∗
i +2σµ
∗
i B
kBT
′ . (7)
Since the overall extent of the volume expansion in Fig. 2d is ν . 0.6% for x = 2% and ν . 2%
for x = 6% samples, we have simplified the fitting procedure by setting ν to zero on the right-
hand-side after differentiating. Following through with this approximation amounts to neglect
of a possible 4 K temperature-dependent shift in Ei for x = 2% and a possible 30 K shift for
x = 7%. The changes in Ei with T are significantly less than the experimental uncertainty for
x = 2% and comparable to the experimental uncertainty for x = 7% (typical error bars listed in
Table 1). By comparison, volume changes induced by a magnetic field are only of order 1 ppm.
Setting ν = 0 on the right-hand-side simplifies the fitting procedure by allowing us to adopt
effective parameters: ν∗i = NkBK
−1
0 × ∂Ei∂ν and E∗i = Ei(ν = 0) in Equations (6) and (7).
Provided V is sufficiently close to the minimum of a Ei(ν) curve at V = Vi in Fig. 3, one
can then use a parabolic approximation:
Ei(ν) = Ei,0 +
1
2
Ki(ν − νi)2/kBN, (8)
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where Ki is the bulk modulus of the configuration and νi = (Vi− V0)/V0 is the relative volume
dilation at which it has its lowest energy. In this case, ν∗i = νi
(
Ki
K0
)
. It is important to em-
phasize, however, that the dilation parameter ν∗i obtained from fitting is not the actual dilation
associated with the equilibrium volume of a given valence state, but, rather, a renormalized di-
lation parameter, which limits our ability to make accurate estimates of the equilibrium volume
of each of the excited valence states in δ-Pu. However, this has no discernible impact on the
calculations of the heat capacity and entropy.
When we compare the model against neutron scattering lattice parameter data in Fig. 2d,37
we use ∆a/a0 = 13ν(T,B = 0) =
1
3
[
νph(T )+νel(T,B = 0)
]
, where ∆a refers to the fractional
change in lattice parameter on increasing the temperature and a0 refers to the value of the
lattice parameter at zero temperature. The linear thermal expansion coefficient in Fig. 2e is
obtained by numerically differentiating the fitted form using αl = (∂a/∂T )/a0. In the case
of the magnetostriction, we neglect the phonon contribution and compare s‖ ≈ 1η
[
νel(T,B =
Bmax) − νel(T,B = 0)
]
/B2max against the quadratic coefficient of magnetostriction plotted in
Fig. 2c. Since δ-Pu is both cubic and polycrystalline, 1 . η . 3.50 For the purpose of fitting
to the longitudinal magnetostriction and volume expansion, we assume η = 3, although the
actual value has no direct impact on the heat capacity entropy calculation. In our fits, Bmax
is the maximum magnetic field used in the magnetostriction experiments. The leading order
quadratic form of the magnetostriction generally arises from the cancellation of the odd terms
in the partition function upon summing the spin up and down pseudospin components. On
substituting different values of Bmax in the magnetostriction coefficient numerical simulations,
we find no significant deviation from a conventional quadratic form in the model.
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5.5 Fitting results
A least squares fit is performed simultaneously to both the quadratic magnetostriction coeffi-
cient and the thermal expansion volume of δ-Pu1−xGax, with the minimization being made with
respect to the product of the sum of the squares of both quantities. For the ground state, ν∗0 , E
∗
0
and µ∗0 are set to zero. On leaving µ
∗
0 as a free parameter, it goes to zero on performing the
least squares fit. For ν∗1 , E
∗
1 and µ
∗
1 and ν
∗
2 , E
∗
2 and µ
∗
2, we fit an individual set of parameters
for x = 2% Ga and x = 7% Ga. For x = 4% and 6%, the parameters used for calculating
the volume are linearly interpolated between those at x = 2% Ga and x = 7% Ga, while for
x = 0%, an extrapolation is made. To minimize the number of parameters, Tfl, θD and γ are
assumed to be independent of x. During fitting, the valence fluctuation temperature Tfl is left
as a free parameter. Tfl = 0 K is therefore the best fit value of the valence fluctuation temper-
ature (or degree of interconfigurational mixing). All fitted parameters are listed in Table 1. As
a demonstration of self consistency of the fitted model, the activation energy E∗2 of the upper
excited electronic configuration and the magnitude of the change in its characteristic volume are
both found to increase on reducing the amount of Ga (see Table 1). Conversely, the activation
energy E∗1 of the lower excited valence configuration and the magnitude of the change in its
characteristic volume are both found to decrease on reducing the amount of Ga.
5.6 Heat capacity measurements
Heat capacity measurements (see Fig. 6) are made on samples of δ-Pu1−xGax (with x = 2% and
7%), whose masses are ≈ 1 mg to minimize the effect of self heating under vacuum caused by
self irradiation. The measurements are made in a standard Quantum Design physical properties
measurement system (PPMS). While use of small samples increases the error associated with
the subtraction of the addendum, but does not significantly impact the difference in heat capacity
between 2% and 7% samples shown in Fig. 4d.
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Table 1: Values of the various parameters obtained on performing a least squares fit. The
corresponding parameters of the ground state of E∗0 = µ
∗
0 = 0, while V0 = 24.57 and 23.87 A˚
3
for x = 2 and 7%, respectively (estimated from diffraction measurements).37
Quantity x = 2% Ga x = 7% Ga all x Units
(1 + ν∗1)V0 24.66± 0.02 24.37 ± 0.11 A˚3
E∗1 265 ± 10 476 ± 18 K
µ∗1 1.7 ± 0.3 1.3 ± 0.3 µB
(1 + ν∗2)V0 21.29 ± 0.01 23.71 ± 0.08 A˚3
E∗2 1450 ± 90 810 ± 80 K
µ∗2 2.9 ± 1.0 3.8 ± 1.4 µB
Tfl 0 (+ 50) K
γ 0.50 ± 0.04 –
The difference in Pu content in each of the samples introduces a systematic error in the
difference, and the extent to which this difference can be attributed to the electronic contri-
bution. Since the contribution to the heat capacity from phonons universally saturates at the
Dulong-Petit value of ≈ 25 Jmol−1K−1 regardless of the Pu content, the subtracted quantity in
Fig. 4d is free from any significant phonon contribution above ≈ 50 K. The accuracy of the
remaining ≈ 5 Jmol−1K−1 electronic contribution in each sample is affected by ∆x = 5% dif-
ference in Pu content, therefore making the systematic error in making the subtraction 5% ×
5 Jmol−1K−1 = 0.25 Jmol−1K−1. However, this is significantly less than the measurement error
bar in Fig. 4d.
5.7 Possible relation of fitting results to the electronic structure
The observed changes in magnetostriction with increasing temperature indicate that the mag-
netic moment appears to be smallest for the ground state configuration (see Methods), suggest-
ing its possible correspondence to nf = 4 or 5 5f -electrons confined to the atomic core.22, 26, 52
Both of these configurations have the potential for orbital compensation to produce small mo-
ments24, 53 compatible with the absence of magnetic ordering.40 Partial occupancy of both
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nf = 4 and 5 has further been suggested on the basis of neutron scattering structure factor
measurements,35 although such measurements are performed at a temperature of T = 293 K
that is sufficiently high for both to be thermally occupied.
On incorporating valence fluctuations phenomenologically into F (T,B, x), using the estab-
lished methodology of an effective valence fluctuation temperature Tfl (see below),19, 21 we find
that Tfl . 50 K, which is more than an order of magnitude smaller than the ∼ 103 K suggested
by existing refined electronic structure models.5, 8, 34
5.8 Energy level schematics
Cohesion in metals is generally expected to give rise to an energy E versus linear dimension of
the form55
E =
(
a0 − a1
a
+
a2
a2
)
, (9)
where, here, a = (4V )
1
3 refers to the lattice parameter and a0, a1 and a2 are constants. For
the schematics in Figs. 3a, b and c, the E versus V curves are assumed to have this form.
In Fig. 9 we perform a fit of Equation (9) to the calculated energy for δ-Pu of Svane et al.,26
confirming that Equation (9) is approximately valid for electronic structure calculations of plu-
tonium. The minima occur at amin = 2a2a1 , with the bulk modulus at a = amin being given by
K = ∂
2E
∂ν2 a=amin
= 1
72N
(a81/a
7
2). In Fig. 3c, the E versus V schematic has been calculated using
Equation (9) so that E2 − E0 and E1 − E0 are consistent with E∗1 and E∗2 in Fig. 3d, respec-
tively. Only the bulk modulus K0 (at a = amin) associated with E0 has been measured directly.
For E1 and E2, we have arbitrarily assumed K1 = 40 GPa and K2 = 50 GPa for E1 and E2,
respectively.
The rapid fall of E∗2 with decreasing volume suggests its minimum is located at a volume
and energy that is significantly lower than that of E0, which is consistent with E0 being rep-
resentative of a metastable configuration separated from a lower energy configuration by an
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energy barrier.27, 28 The volumes of α and α′ are similar to the equilibrium volume of E2 in
Fig. 3c, suggesting that the structural transformation to α may be a secondary effect associated
with the volume collapse. For the volume collapse to occur, the net energy gain associated with
the transition needs to be equal to or greater than the energy losses associated with what are
essentially displacive structural transitions from δ to α. In pure Pu1−xGax, the transitions from
δ to α always occur for x . 2%. However, for x & 2%, the δ-phase continues to persist down to
low temperatures. While we have identified entropy to be an important factor, the insolubility
of Ga in α-Pu1−xGax for large x is another important factor. It has been shown experimentally
that α-Pu1−xGax decomposes into α-Pu and Pu3Ga over timescales of order 10,000 years.27, 28
5.9 Comparison to the Invar model thermodynamic treatment
Magnetostriction measurements are necessary for accurately separating the electronic and phonon
contributions to the lattice, causing prior efforts to separate these contributions in the absence of
magnetostriction data to be of limited success.37 Because the upper excitation energy E∗2 leads
to a negative thermal expansion, which is obviously quite distinct from the Debye function, this
higher excitation energy was successfully extracted in prior studies. However, because the pos-
itive thermal expansion associated with E∗1 has the same sign as the thermal expansion caused
by phonons, it was subsequently missed. In contrast to our three level model, the two level Invar
model was shown to be unable to account for the excess entropy and heat capacity measured in
δ-Pu.37
Significant changes to the free energy partition function in the present approach include (1)
the addition of effective magnetic moments associated with each configuration, (2) the addition
of a third level, which is necessary for accurately reproducing the forms of the magnetostriction
and heat capacity, and (3) a more realistic modeling of the volume-dependences of the various
configurations, which are assumed to have well defined minima in accordance with electronic
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structure calculations.22, 26 The latter approach enables the bulk modulus to be derived from the
partition function, which was not possible in in the Invar model without arbitrarily adding an
extra term to the free energy.37
An underlying weakness of the Invar model,37 is that atomic sites with different configura-
tions were assumed to have different volumes, for which there is no evidence in δ-Pu1−xGax.41
In the present approach, by contrast, the volume V is the same for each of the configuration.
Only the dependence of Ei on volume are assumed to be different.
5.10 Collapse of the bulk modulus with increasing temperature
A well known observation in Ga-stabilized δ-Pu is the strong reduction in the bulk modulus
with increasing temperature, which occurs in regimes in which the thermal expansion is both
positive and negative.41 In the Invar model, this was attributed to the lower volume excited
state having a bulk modulus close to zero. In the present multiconfigurational approach, the
negative thermal expansion is a natural consequence of having an excited configuration whose
equilibrium volume is substantially lower that V0, and also generally asymmetric form of Ei
with respect to a change in the volume. To leading order, the bulk modulus is given by
K =
∂2F
∂ν2
∣∣∣∣
T
≈ 1
Zel
∗
∑
i=0,1,2
∑
σ=± 1
2
NkB
∂2Ei
∂ν2
e
− kBE
∗
i +2σµ
∗
i B
kBT
′ . (10)
For configurations in which Equation (8) is a good approximation, ∂
2Ei
∂ν2
= Ki/NkB, in which
case its contribution to the bulk modulus becomes 1
Zel
∗
∑
σ=± 1
2
Kie
− kBE
∗
i +2σµ
∗
i B
kBT
′ . More generally,
however, Ei(ν) is asymmetric about Vi [see for example Equation (9) and Fig. 3c],22, 26 having
the potential to cause ∂
2Ei
∂ν2
to depart significantly from Ki/NkB. When excitations occur to
a state for which V is less than its equilibrium value Vi, ∂
2Ei
∂ν2
= V 2 ∂
2Ei
∂V 2
climbs steeply with
decreasing V (e.g. the case of E∗1 in Fig. 3c). However, when excitations occur to a state for
which V is greater than its equilibrium value, ∂
2Ei
∂ν2
= V 2 ∂
2Ei
∂V 2
falls with increasing V , and may
29
even turn negative (see e.g. the case of E∗2 in Fig. 3c).
Since a zero or negative ∂
2Ei
∂ν2
term in Equation (10) generally occurs only for excited config-
urations whose equilibrium volume dilations Vi smaller than V0, the experimentally observed41
rapid decrease of the bulk modulus of Ga-stabilized δ-Pu with increasing temperature could
constitute further supporting evidence for an excited configuration with a small equilibrium
volume Vi.
5.11 Expanding fitting to include the magnetic susceptibility
While the magnetostriction and thermal expansion measurements indicate that Ga-stabilized δ-
Pu most likely settle into a non-magnetic or weakly magnetic configuration at low temperatures,
heat capacity and magnetic susceptibility measurements indicate the coexistence of a Fermi
liquid state, in which both the Sommerfeld coefficient14 and Pauli susceptibility40 are enhanced.
In the mixed level picture, in which the ground state configuration consists of nf = 4 5f -
electrons confined to the atomic core, the Fermi liquid state is predicted to originate from the
one 5f -electron that is itinerant, and its hybridization with other states.24 If the ground state
configuration consists, instead, of that with nf = 5 5f -electrons confined to the atomic core,
then a Fermi liquid state could result from their weak hybridization with other states.
Any attempt to model the magnetic susceptibility requires additional fitting parameters to
be introduced and is ultimately limited by the relative scarcity of available experimental data as
a function of both T and x.40, 54 One approach is to utilize the methodology in which a finite
Tfl mimics the behavior of a Fermi liquid at low temperatures.19, 21 In this case, both Tfl and
the magnetic moment of the ground state configuration, µ∗0, must acquire finite values. In order
to reconcile the magnitude of the magnetic moment inferred from longitudinal magnetostric-
tion and magnetic susceptibility measurements, η also needs to be considered as an adjustable
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parameter. The magnetic susceptibility is given by χzz = µ0∂Mzz/∂B, where
Mzz(T,B) = −∂Fel
∂B
=
1
Zel
∗
∑
i=0,1,2
2µ∗i e
− kBE
∗
i
kBT
′ sinh
(
µ∗iB
kBT ′
)
. (11)
The results of a combined fit to the magnetostriction, volume expansion and magnetic suscepti-
bility are shown in Table 2 and Fig. 10.
Table 2: Values of the various parameters obtained on performing a least squares fit including
the susceptibility. Again, E∗0 = 0.
Quantity x = 2% Ga x = 7% Ga all x Units
µ∗0 0.0 ± 0.1 0.5 ± 0.2 µB
(1 + ν∗1)V0 24.64 ± 0.02 24.26 ± 0.11 A˚3
E∗1 275 ± 10 458 ± 18 K
µ∗1 1.4 ± 0.3 1.0 ± 0.3 µB
(1 + ν∗2)V0 21.30 ± 0.01 23.63 ± 0.08 A˚3
E∗2 1360 ± 90 890 ± 80 K
µ∗2 1.9 ± 1.0 2.5 ± 1.4 µB
Tfl 12 ± 50 58 ± 50 K
γ 0.54 ± 0.04 –
η 1.6 ± 0.4 1.4 ± 0.4 –
An alternative approach is to substitute the sinh(µ∗iB/kBT
′) term for the ground state con-
figuration in Equation (11) with a Fermi gas-like form
f(E,B,W, µ∗F) =
2√
piW
∫ ∞
−∞
∑
σ=± 1
2
2σe−
(
E+2σµ∗FB
W
)2
fFD(E,T )dE, (12)
where we have assumed a Gaussian line shape for the electronic density-of-states, given the
unknown band topology. Here, fFD = (1+e
E
T )−1 is the Fermi-Dirac distribution function while
W is the electronic bandwidth. The results of a combined fit to the magnetostriction, volume
expansion and magnetic susceptibility are shown in Table 3 and again in Fig. 10.
While the former approach using Tfl 6= 0 yields small magnetic moments for the ground state
configuration, the latter approach in which the ground state configuration is accompanied by a
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Table 3: Values of the various parameters obtained on performing a least squares fit including
the susceptibility. Again, E∗0 = 0, and we have also set Tfl = 0.
Quantity x = 2% Ga x = 7% Ga all x Units
(1 + ν∗1)V0 24.64 ± 0.02 24.21 ± 0.11 A˚3
E∗1 271 ± 10 388 ± 18 K
µ∗1 1.3 ± 0.3 0.8 ± 0.3 µB
(1 + ν∗2)V0 21.41 ± 0.01 23.53 ± 0.08 A˚3
E∗2 1320 ± 90 970 ± 80 K
µ∗2 1.7 ± 1.0 2.5 ± 1.4 µB
γ 0.55 ± 0.04 –
W 408 ± 20 K
µ∗F 0.8 ± 0.2 µB
η 1.3 ± 0.4 1.8 ± 0.4 –
half-filled electronic band more accurately reproduces the form of the magnetic susceptibility
for Ga-stabilized δ-Pu with x = 6% as a function of temperature.54 With both approaches, the
respective energy levels E∗1 and E
∗
2 for x = 2% and 7% change very little on including the mag-
netic susceptibility. A general prediction of both approaches is that the temperature-dependence
of the magnetic susceptibility becomes stronger on reducing x, which is not too surprising given
that volume magnetostriction is proportional to the volume-dependence of the magnetization.
The development of a more refined model will require comprehensive measurements of the
susceptibility as a function of both T and x.
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Figure 5: Low temperature thermal expansion. a Change in length ∆l/l at low T in
δ-Pu1−xGax (x = 2%) obtained using the optical fiber Bragg grating method. b Plot of
αl/T versus T 2 of δ-Pu1−xGax (x = 2%) at low T and x = 2%, together with a linear
fit (red line) to the function αl/T = κ03 (kphT
2 + 2
3
γel), where kph is a constant relating
to phonons and γel is the linear-in-T electronic contribution to the heat capacity.55 Ac-
cording to the fit, γel = (40 ± 10) mJmol−1K−2, which is of comparable order to the
result (γel = 64 mJmol−1K−2) obtained for δ-Pu1−xAlx (x = 5%) from heat capacity
measurements.14
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Figure 6: Heat capacity for δ-Pu1−xGax samples, as indicated.
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Figure 7: Magnetovolume effect in Pu. Plots of the atomic volume and susceptibility of
Pu versus temperature, with the different crystalline phases shaded in different colors.
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Figure 8: Coefficients of the quadratic magnetostriction coefficient versus T for four dif-
ferent δ-Pu1−xGax samples, as indicated.
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Figure 9: Configurational energies versus volume according to Svane et al.26. Symbols
are the energy E versus lattice parameter a calculated according to Svane et al.,26
while lines are fits to Equation (9).
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Figure 10: Results of fitting expanded to include the susceptibility. a Magnetic suscep-
tibility of δ-Pu1−xGax versus T for x = 0% (pure Pu) and x = 6%. b Magnetostriction
coefficient of δ-Pu1−xGax versus T for x = 2% and x = 7%. c Lattice parameter of
δ-Pu1−xGax versus T for x = 0%, 2%, 4% and x = 6%. d Heat capacity of δ-Pu1−xAlx
versus T for x = 5%. Data points represent experimental data referred to in the main
text, while lines refer to fits. The fits are made to the susceptibility, magnetostriction
coefficient and lattice parameter using free energy functional either with Tfl included as
a finite parameter (dotted lines) or by inserting an alternative form for the susceptibility
(solid lines) that better reproduces a Fermi gas-like form for the ground state config-
uration (see Methods). No fit is made to the heat capacity. In this case the lines are
simply calculated from the free energy and compared against the measured curve.
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